Abstract. Structural properties of paeonol-encapsulated liposomes containing cholesterol or stigmasterol at 37°C have been investigated by synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) techniques. We compared the structural properties of pure dipalmitoylphosphatidylcholine (DPPC) liposomes, sterol-DPPC liposomes, and those of paeonol-sterol-DPPC liposomes at different molar ratios. Three conclusions can be drawn: First, phase separation occurs in both sterol-DPPC and paeonol-sterol-DPPC liposomes. Second, the incorporation of paeonol molecules into sterol-DPPC liposomes weakens the membrane order. Third, cholesterol has a stronger tendency to interact with DPPC as compared to its counterpart in plant, stigmasterol.
Introduction
Liposomes are of considerable interest as carriers for controlled delivery of drugs because many substances can be encapsulated in the aqueous or lipid phases of liposomes [9, 16, 25] . Drugs encapsulated in liposomes are sufficiently protected from enzymatic attack and immune recognition [14] . Paeonol (see Fig. 1 ) is the major active ingredient of the root cortex Moutan peony (Chinese name: Mudan, which is the national flower of China) [24, 31, 32] . Numerous pharmacological studies showed that paeonol is a volatile compound with analgesic, antipyretic, sedative, anti-inflammatory, anti-oxidative, and antibacterial properties [7, 13, [31] [32] [33] . However, the bioavailability of paeonol in vivo is low because it is poorly soluble in water. Encapsulating paeonol into liposomes can increase its bioavailability in vivo.
Phospholipids and sterols are typical amphiphilic molecules for the preparation of liposomes. As a major component of lecithins (L-α-phosphatidylcholines), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, as shown in Fig. 1 ) has often been chosen to prepare liposomes both because lecithins are the major components in mammalian membranes and also because they show a sharp, strong, thermotropic transition near the physiological temperature [5, 11, 26, 27, 31, 32] . Cholesterol (as shown in Fig. 1 ), which was first named 200 years ago [6] , has often been chosen to prepare liposomes together with phospholipids because it can provide a number of formulation benefits, including good retention of encapsulated drug, reduced plasma protein binding and resilience to macrophage attack [4, 31] .
However, high levels of blood cholesterol will increase the risk of many diseases, such as coronary heart disease, stroke, especially the risk of atherosclerosis [3] . Thus, plant sterols such as stigmasterol (as shown in Fig. 1 ) have also been used to prepare liposomes by many research groups [12, 17, 34] . In our earlier study, the thermotropic phase behavior of stigmasterol-DPPC liposomes was investigated and the binary phase diagram of this binary system was constructed with the help of differential scanning calorimetry (DSC), synchrotron X-ray diffraction (XRD) and freeze-fracture electron microscopy (FFEM) techniques [30] . The results show that the thermotropic phase behavior and the binary phase diagram of stigmasterol-DPPC liposomes are very similar to those of cholesterol-DPPC liposomes. Muramatsu et al. reported that the bioavailability of insulin loaded liposomes containing stigmasterol is a little higher than that containing cholesterol [18] .
The structural properties of liposomes such as the information on long range bilayer organisation and on hydrocarbon chain packing can help to understand the mechanism of molecular interactions in liposomes. There are few reports about structural properties of paenol-sterol-DPPC liposomes as yet. In this work, we employed synchrotron small-angle X-ray scattering (SAXS) and wide-angle Xray scattering (WAXS) techniques to investigate the structural characters of paeonol-cholesterol-DPPC liposomes and that of paeonol-stigmasterol-DPPC liposomes at physiological temperature of 37°C.
Materials and methods

Sample preparation
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and, 2-hydroxyl-4-methoxyacetophone (paeonol) were purchased from Sigma Chemicals (99%, St. Louis, MO, USA). Cholesterol and stigmasterol were from MP Biomedicals Inc. (95%, Aurora, OH, Germany). They were used without further purification. All organic solvents were of analytical grade. Double deionized water with a resistivity of 18.2 M · cm was used for the preparation of buffers. Liposomes were prepared following Lichtenberger et al. [15] : paeonol-sterol-DPPC mixtures with designated molar ratios were dissolved in chloroform, dried under nitrogen, and then stored in vacuum overnight. The obtained lipid films were hydrated with excess Tris-HCl buffers (50 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl 2 , pH = 7.2) with repeated vortexing and heating-cooling treatment between 65°C and 20°C for at least three times, and then were stored at −20°C at least for 24 hrs before experiments. The molar ratio of sterol to DPPC was 1:24 and that of paeonol to sterol was 0:1, 0.2:1, 0.4:1, 0.8:1, or 1:1. All samples have been cooled from 65°C to 20°C at a cooling rate of 0.5°C min −1 before measurement to achieve phase equilibrium. It should be noted that the liposomes we prepared in this work are actually multilamellar vesicles, which are most suitable to XRD experiments.
Synchrotron X-ray diffraction
Synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) experiments were performed at the beamline 1W2A of the Beijing Synchrotron Radiation Facility (BSRF) (λ = 1.54 Å). The scattering data were collected on a Mar165 CCD detector. The distance from sample to detector was 1662.0 mm for SAXS experiments and 299.5 mm for WAXS experiments, respectively. The time for image exposure was 120 s. A standard sample silver behenate was used for calibration of diffraction spacings. The temperature scanning rate was 0.5°C min −1 during the measurement. A Linkam thermal stage (Linkam Scientific Instruments, UK) was used in temperature control (±0.1°C). The program Fit2D was used to analyze the scattering data. The scattered intensity was reported as a function of the reciprocal spacings (s):
where q is the scattering vector, θ is half the scattering angle and λ the wavelength. Then d (d = 1/s) was calculated. The diffraction peaks obtained was fitted with Lorentz [2, 19, 20] , and the full widths at half maximal intensity (FWHM) were determined. The correlation length (ξ ) between the lipid bilayers, was calculated following [2, 19, 20] 
Deconvolution of the multicomponent SAXS and WAXS patterns was carried out using PeakFit software (Aisn Software Inc). The baseline was created by the two-point linear method and peak type was Lorentz for all the deconvolution treatments. 
Results and discussion
In excess water the zwitterionic molecules of DPPC spontaneously form bilayers/multilayers with temperature-dependent structure and long-range organization [21, 35] . As temperature is increased from room temperature, DPPC is known to display a low enthalpic pretransition (from the lamellar gel phase L β to the rippled gel phase P β ) and a sharp main transition (from the rippled gel phase P β to the lamellar liquid-crystalline phase L α ) [18, 21, 28, 35] . X-ray diffraction patterns at small and wide angles yielded information on long range bilayer organization and hydrocarbon chain packing of DPPC multibilayers, respectively [8, 21, 35] . The d-spacing of SAXS represents repeat distance of DPPC multibilayers, including the thickness of the bilayer (i.e., the distance between two phosphate groups of the opposing bilayer surfaces) and that of the water layer. The d-spacing of WAXS represents in-plane packing of DPPC hydrocarbon chains in a hexagonal or quasi-hexagonal lattice [29, 35] .
Structural properties of pure DPPC liposomes
The SAXS and WAXS patterns of paeonol-sterol-DPPC liposomes at 37°C are shown in Fig. 2 and Fig. 3 , respectively, and the values of d-spacing (d) and correlation length (ξ ) are summarized in Table 1 . As shown in the table, in the absence of sterols and drugs, the d-spacing of SAXS and WAXS of pure DPPC liposomes at 37°C are 7.02 nm and 0.423 nm, respectively. These data are in good agreement with other studies and represent a typical lamellar-gel phase [20, 22, 35] . 
Structural properties of sterol-DPPC liposomes
Many research groups have reported that phase separation occurs in both cholesterol-DPPC and stigmasterol-DPPC liposomes [10, 29, 30] . As shown in Fig. 2 , the SAXS peaks of cholesterol-DPPC and stigmasterol-DPPC liposomes seem to consist of two overlapping peaks. This implies that there are two domains coexisting in these liposomes at 37°C, indicating phase separation. Most likely, one phase reflects a sterol-rich domain and the other a DPPC-rich domain.
Structural properties of paeonol-sterol-DPPC liposomes
After careful analysis of the data in Table 1 and SAXS patterns of Fig. 2 , we drew the following three conclusions: First, phase separation occurs in both paeonol-cholesterol-DPPC and paeonolstigmasterol-DPPC liposomes. As shown in Fig. 2 , the SAXS peaks of all the paeonol-sterol-DPPC liposomes consist of two overlapping peaks. This implies that there are two domains coexisting in these liposomes at 37°C, signaling phase separation. Most likely, one phase reflects a sterol-rich domain and the other phase a paeonol-rich domain. As the molecular structure of paeonol greatly differs from that of sterol, the phase structures of the two domains may differ markedly. Thus phase separation occurs. We deconvoluted the XRD peaks of paeonol-sterol-DPPC liposomes using Peakfit software (Aisn Software Inc), as shown in Table 1 . As can be seen in the table, the domain with a smaller d-spacing of WAXS and a longer correlation length (ξ ) is attributed to sterol-rich phase, while the domain with a larger d-spacing of WAXS and a shorter correlation length is attributed to paeonol-rich phase. In our earlier study of competitive molecular interaction among paeonol-loaded liposomes, we concluded that sterols have much more favorable, stabilizing interactions with DPPC compared to paeonol [31] . Therefore the sterol-rich domain should show a longer correlation length (ξ ) and a smaller d-spacing of WAXS compared with paeonol-rich domain.
Second, the incorporation of paeonol molecules into sterol-DPPC liposomes disturbs the membrane order. Nunes et al. reported that a reduction of the correlation length of the SAXS induced by adding exogenous molecules could manifest the disturbing effect of exogenous molecules in the membrane order [19, 20] . As shown in Table 1 , all the correlation lengths (ξ ) of SAXS of sterol-DPPC liposomes encapsulating paeonol are shorter than that of sterol-DPPC liposomes in the absence of paeonol. Therefore, the incorporation of paeonol molecules into sterol-DPPC liposomes disturbs the membrane order.
Third, cholesterol is different from stigmasterol in interacting with DPPC. As shown in Table 1 , the cholesterol-rich domain shows a smaller d-spacing of WAXS compared with the stigmasterol-rich domain. Thus cholesterol has a stronger tendency to interact with DPPC as compared to stigmasterol. This conclusion can be explained as follows. The difference between the molecular structure of stigmasterol and that of cholesterol lies in that the stigmasterol has an additional ethyl group and a trans double bond in the alkyl tail (as shown in Fig. 1 ). The additional ethyl group of stigmasterol will suppress the formation of ordered arrangements in the acyl chains of DPPC due to the effect of steric hindrance [1, 12, 23] . That is to say, the additional ethyl group will cause a less favorable interaction with phospholipids. As to the double bond, although it may cause a favorable interaction with acyl chains of DPPC due to the decreased volume fluctuations in the sterol alkyl chain region, this effect is very limited [1, 10, 12] . These imply that the destabilizing effect of ethyl group of stigmasterol is more effective than the stabilizing effect of double bond in the molecule. As a result, cholesterol has a stronger affinity for DPPC as compared to stigmasterol. 
Conclusions
Structural properties of paeonol-encapsulated liposomes containing cholesterol or stigmasterol at physiological temperature of 37°C have been investigated by synchrotron SAXS and WAXS techniques. Three conclusions can be drawn from the results of present experiments: First, phase separation occurs in both sterol-DPPC and paeonol-sterol-DPPC liposomes. Second, the incorporation of paeonol molecules into sterol-DPPC liposomes disturbs the order of the membrane. Third, cholesterol has a stronger tendency to interact with DPPC in comparison with stigmasterol.
